Boyle LJ, Credeur DP, Jenkins NT, Padilla J, Leidy HJ, Thyfault JP, Fadel PJ. Impact of reduced daily physical activity on conduit artery flow-mediated dilation and circulating endothelial microparticles. J Appl Physiol 115: 1519 -1525. First published September 26, 2013 doi:10.1152/japplphysiol.00837.2013.-Physical inactivity promotes the development of cardiovascular diseases. However, few data exist examining the vascular consequences of short-term reductions in daily physical activity. Thus we tested the hypothesis that popliteal and brachial artery flow-mediated dilation (FMD) would be reduced and concentrations of endothelial microparticles (EMPs) would be elevated following reduced daily physical activity. To examine this, popliteal and brachial artery FMD and plasma levels of EMPs suggestive of apoptotic and activated endothelial cells (CD31 ϩ /CD42b Ϫ and CD62E ϩ EMPs, respectively) were measured at baseline and during days 1, 3, and 5 of reduced daily physical activity in 11 recreationally active men (25 Ϯ 2 yr). Subjects were instructed to reduce daily physical activity by taking Ͻ5,000 steps/day and refraining from planned exercise. Popliteal artery FMD decreased with reduced activity (baseline: 4.7 Ϯ 0.98%, reduced activity day 5: 1.72 Ϯ 0.68%, P Ͻ 0.05), whereas brachial artery FMD was unchanged. In contrast, baseline (pre-FMD) popliteal artery diameter did not change, whereas brachial artery diameter decreased (baseline: 4.35 Ϯ 0.12, reduced activity day 5: 4.12 Ϯ 0.11 P Ͻ 0.05) following 5 days of reduced daily physical activity. CD31 ϩ /CD42b Ϫ EMPs were significantly elevated with reduced activity (baseline: 17.6 Ϯ 9.4, reduced activity day 5: 104.1 Ϯ 43.1 per l plasma, P Ͻ 0.05), whereas CD62E
ϩ

/CD42b
Ϫ EMPs were significantly elevated with reduced activity (baseline: 17.6 Ϯ 9.4, reduced activity day 5: 104.1 Ϯ 43.1 per l plasma, P Ͻ 0.05), whereas CD62E
ϩ EMPs were unaltered. Collectively, our results provide evidence for the early and robust deleterious impact of reduced daily activity on vascular function and highlight the vulnerability of the vasculature to a sedentary lifestyle. endothelial function; sedentary; atherosclerosis; physical inactivity LESS THAN HALF (49.1%) of U.S. adults meet the recommended physical activity guidelines (1) , resulting in a sedentary lifestyle, which accentuates the development of cardiovascularrelated diseases. Epidemiological data clearly indicate that those individuals who are most inactive have the greatest risk for cardiovascular disease morbidity and mortality (8, 35) . Likewise, Blair et al. (8) demonstrated that individuals with the lowest cardiorespiratory fitness have the highest risk of cardiovascular disease and all-cause mortality, further emphasizing the link between physical inactivity and cardiovascular disease risk. However, despite the known cardiovascular risk of being inactive, few studies have experimentally investigated the vascular consequences of reduced daily physical activity in humans. This becomes important because decreased endothelial function, as assessed by flow-mediated dilation (FMD), is associated with increased cardiovascular risk (56) .
Previous human studies examining vascular function following physical inactivity are limited and have mainly used complete removal of physical activity via bed rest or limb immobilization (7, 9, 10, 15, 20, 36) . Studies with bed rest have reported inward vascular remodeling, decreased reactive hyperemia, and decreased endothelium-dependent dilation (10, 15, 20) . Limb immobilization also has been shown to cause vascular remodeling and impair endothelial function (7, 9, 19) . Although these findings indicate that physical inactivity has detrimental effects on the vasculature, bed rest and immobilization are extreme models of inactivity that most individuals do not experience in their daily lives. In this regard, a recently described model for examining the effects of inactivity is to transition individuals from high to low levels of ambulatory activity by reducing daily step count (28) . However, to date, no studies have examined the effects of this form of reduced daily physical activity on vascular endothelial function in humans.
In addition to the widely used measure of conduit artery FMD, endothelial microparticles (EMPs) are used as systemic markers of endothelial phenotype (25, 54) . EMPs are small particles (Յ1 m) that are released from endothelial cells into circulation due to endothelial cell activation, apoptosis, or injury (12) . Although EMPs are well established as valid markers of endothelial phenotype in the setting of chronic disease (22, 26) , few studies have examined whether EMP levels change with alterations in physical activity (21, 23, 36) . A recent study reported that circulating microparticles indicative of endothelial apoptosis were increased following extreme physical inactivity induced by 7 days of dry water immersion, a model of weightlessness (36) . Whether more modest reductions in physical activity increase EMPs is not known.
The purpose of this study was to determine the early effects of a transition from high (Ͼ10,000 steps/day) to low daily physical activity (Ͻ5,000 steps/day) on endothelial function and phenotype in healthy, recreationally active men. These volumes of daily steps were chosen because 10,000 steps is generally considered a threshold of high daily activity, whereas 5,000 steps or below is close to the daily average step count of most sedentary US citizens (5) . We hypothesized that 5 days of reduced daily physical activity would reduce FMD in the popliteal (leg) and brachial (arm) arteries. Furthermore, we anticipated that markers of endothelial apoptosis and activation (CD31 ϩ
Ϫ and CD62E ϩ EMPs, respectively) would be significantly elevated following 5 days of reduced daily physical activity.
METHODS
Subjects
All protocols were approved by the University of Missouri Health Sciences Institutional Review board. Written informed consent was obtained from all subjects. Eleven apparently healthy (determined by a detailed health history questionnaire), recreationally active men (age: 25 Ϯ 2 y, BMI: 24.8 Ϯ 1.0 kg/m 2 , body fat: 19.3 Ϯ 1.1%, V O2max: 51.8 Ϯ 2.9 ml/kg/min) were recruited for the study. Recreationally active was defined as completing at least 90 min of primarily aerobic lower body exercise over Ն3 days per week and taking greater than 10,000 steps per day. Aerobic physical activity was self-reported, and pedometers were used to verify daily steps. Exclusion criteria included smoking, recent (Ͻ2 mo) change in body weight, or being involved in competitive endurance events.
Preintervention Testing
Body composition as assessed by DEXA (Hologic) and fitness as assessed by a graded maximal treadmill test to elicit maximal oxygen uptake (V O2max) were performed before starting the study intervention. Furthermore, subjects were provided standardized meals (57% carbohydrates, 28% fat, 15% protein) for three consecutive days before testing to assess average daily kilocalorie consumption. Average kilocalories consumed during this 3-day period were then prescribed to subjects during the study intervention. Furthermore, subjects also wore a pedometer to monitor daily steps and a physical activity monitor (Body Media) to estimate average daily metabolic equivalent of task (METs) and energy expended (kilojoules) above 3 METS during the 3-day monitoring period. Three days of physical activity monitoring has been shown to be representative of weekly physical activity (53) . Kilojoules were then converted to kilocalories by the following equation: kilocalories ϭ (kilojoules ϫ 0.239).
Experimental Protocol
Three days before baseline testing, subjects wore a pedometer and physical activity monitor and were encouraged to follow their normal physical activity patterns. Two days before baseline testing, subjects began consuming the provided standardized meals. Twenty-four hours before baseline testing, subjects performed a 45-min supervised treadmill exercise session at 60% of heart rate reserve calculated from maximal heart rate obtained during the V O2max test. This supervised exercise bout was used to control for the amount and time of day when the subjects received their last bout of structured physical activity in an attempt to control for the exercise-induced hyperemia (i.e., increased blood flow and shear stress), which is a potent stimulus to the vasculature (32, 45) . Subjects were asked to refrain from any additional planned exercise following this exercise bout.
All study visits were performed between 7:00 AM and 9:00 AM in a temperature-controlled room kept at 21-22°C. Upon arrival to the laboratory, height and weight were obtained via standard methods. Subjects were then placed in a supine position, and an intravenous catheter was placed. After a 15-min rest period, plasma samples were obtained for assessment of CD31 ϩ /CD42b Ϫ and CD62E ϩ EMPs. Following an additional 15 min of supine rest, brachial and popliteal artery FMD were assessed. FMD measures in the brachial and popliteal arteries were separated by a minimum of 15 min. Measures of EMPs and FMDs were made at baseline and repeated following days 1, 3, and 5 of reduced daily physical activity.
Intervention (Reduced Daily Physical Activity)
Immediately following baseline testing, subjects began 5 days of reduced daily physical activity (Ͻ5,000 steps/day). Subjects were instructed to avoid any planned exercise sessions and reduce daily physical activity. To achieve this goal and also verify it was met, pedometers were worn to monitor daily steps. In certain circumstances, some subjects were pushed in a wheel chair by study personnel to facilitate them achieving Ͻ5,000 steps/day.
Flow-Mediated Dilation Measurements
FMD of the brachial and popliteal arteries was assessed via highresolution Doppler ultrasound (Logiq P5; GE Medical Systems, Milwaukee, WI) following present guidelines (48) . Briefly, a 12-Mhz linear array transducer was used to scan the brachial and popliteal artery. Simultaneous velocity signals were obtained in duplex mode at pulsed frequency of 5 MHz and corrected with an insonation angle of 60°with the cursor set midvessel. Sample volume was adjusted to encompass the entire vessel lumen without extending beyond it. Once a satisfactory image was acquired, limbs were secured, and the transducer was stabilized using a custom-designed clamp. Transducer location was marked on the skin, and a photo was taken of each limb to ensure consistent placement throughout the study visits. Brachial and popliteal artery FMD across intervention days was measured by the same ultrasonographer, and all settings on the ultrasound were kept constant between intervention days. A cuff was positioned 3 cm distal to the antecubital fossa for brachial FMD and 5 cm distal to the fibular head for popliteal FMD. Baseline diameter and velocity were recorded for 2 min. The cuff was then inflated to 220 mmHg for 5 min. Diameter and velocity were recorded for 30 s before and for 3 min following cuff deflation. To ensure that any changes in FMD observed during reduced daily physical activity were not due to a time effect, popliteal FMD measurements were made before and following 5 days of maintained physical activity in three subjects. Popliteal artery FMD was not obtained in one subject due to an inability to obtain an adequate image. Brachial artery FMD was not obtained in one subject due to a computer-saving error.
Offline analyses of artery diameters and velocities were performed using a custom-designed edge-detection and wall-tracking software (Labview; National Instruments, Austin, TX) as previously described (17, 41, 46) . FMD percentage change was calculated from three cardiac cycles averaged around the highest peak diameter using the following equation: FMD percentage change ϭ (peak diameter Ϫ baseline diameter)/(baseline diameter * 100). Shear rate (s) was defined as 8·V m/D (42) . FMD percentage change was normalized to shear rate incremental area under the curve up to peak diameter (39, 40) .
Plasma EMPs
Blood samples were collected from an antecubital vein into 8-ml vials containing acid citrate dextrose. The endothelial microparticle populations CD31 ϩ /CD42b Ϫ and CD62E ϩ were analyzed by flow cytometry as previously described by our group (25) . Briefly, cell-free plasma samples were obtained and incubated with fluorochromelabeled antibodies. Phycoerythrin-CD62E was used to determine levels of EMPs shed from activated endothelium (CD62E ϩ ). The combination of phycoerythrin-CD31 and fluorescein-isothiocyanate- CD42b was used to determine levels of EMPs released from apoptotic endothelial cells (CD31 ϩ /CD42b Ϫ ). Samples were fixed in 2% paraformaldehyde and diluted with sterile PBS before flow cytometric analysis. Flow cytometry protocols were carried out on a Beckman Coulter CyAn ADP instrument in the University of Missouri Cell and Immunobiology Core Facility, as previously described (25) . NIST Traceable polystyrene beads (Polysciences, Warrington, PA) were used as size calibrator beads to distinguish EMP events smaller than 1.0 m. Unstained samples, samples stained with PE-conjugated mouse IgG isotype antibodies, and fluorescence minus one controls were used to discriminate true EMP events from noise. Our group has previously published within-subject reproducibility data for EMP measurements (25) . CD31 ϩ /CD42b Ϫ and CD62E ϩ EMPs were not included for two subjects due to inadequate plasma sample volume for all time points.
Statistics
SigmaStat was used for analyses. Data were analyzed using a paired t-test and a one-way repeated measures ANOVA when appropriate. Friedman's Rank test was used when data were found to violate the assumption of homoscedasticity. Tukey's post hoc testing was performed in the event of a significant omnibus ANOVA. Significance was accepted at P Ͻ 0.05. All data are expressed as means Ϯ SE.
RESULTS
Physical Activity Measurements
As shown in Table 1 , steps per day, average daily METs, and Kcals expended per day above 3 METs decreased in the reduced daily physical activity phase compared with baseline, P Ͻ 0.05. Body weight was unchanged across the intervention (e.g., baseline: 78.8 Ϯ 4.0 kg, day 5: 78.3 Ϯ 4.1 kg, P Ͼ 0.05).
FMD and Conduit Artery Measurements
Popliteal artery. Percent FMD in the popliteal artery was reduced from baseline to day 5 of reduced daily physical activity (P Ͻ 0.05; Fig. 1 ). Likewise, popliteal artery FMD normalized to shear rate area under the curve was significantly decreased after 5 days of reduced daily physical activity (P Ͻ 0.05; Table 2 ). The inactivity-induced changes in popliteal artery FMD and steps per day from baseline to 5 days of reduced daily physical activity were correlated (r ϭ 0.66, P ϭ 0.05). No changes were found in baseline or peak diameter of the popliteal artery (Table 2) . No alterations in shear rate area under the curve following forearm ischemia were observed in the popliteal artery (Table 2 ). In the subjects who maintained physical activity for 5 days, popliteal artery FMD was unchanged from baseline (baseline: 3.29 Ϯ 0.66 and maintained activity day 5: 3.11 Ϯ 0.51%; P Ͼ 0.05).
Brachial artery. The brachial artery displayed no changes in percentage (Fig. 2) or normalized FMD (Table 3 ) throughout the intervention. However, baseline and peak diameter in the brachial artery were significantly decreased following 5 days of reduced daily physical activity (P Ͻ 0.05; Table 3 ). No alterations in shear rate area under the curve following forearm ischemia were observed in the brachial artery (Table 3) .
EMP Measurements
CD31
ϩ /CD42b Ϫ EMPs increased significantly from baseline to 5 days of reduced physical activity (P Ͻ 0.05; Fig. 3A) ; however, CD62E ϩ EMPs were not significantly altered by the 5-day intervention (Fig. 3B) . The inactivity-induced changes in CD31 ϩ /CD42b Ϫ and popliteal artery FMD from baseline to 5 days of reduced daily physical activity were not significantly correlated (r ϭ 0.33, P Ͼ 0.05).
DISCUSSION
The major and novel findings of this study are that a transition from high to low levels of daily physical activity for only 5 days 1) impairs FMD in the popliteal artery but not brachial artery, 2) induces a decrease in diameter of the brachial artery but not popliteal artery, and 3) produces an increase in circulating levels of CD31 ϩ /CD42b Ϫ EMPs. This represents the first evidence in humans of deleterious vascular consequences of transitioning from high to low daily physical activity levels.
Herein, we used a recently described model of reduced daily physical activity (28, 34) , which most sedentary individuals experience (52) . Remarkably, after just 5 days of reducing activity in these young healthy men, we observed a marked reduction in endothelial function at the popliteal artery. To our knowledge, these are the first data demonstrating such detrimental vascular effects without "complete" removal of activity used in other experimental models of physical inactivity in humans. For example, Birk et al. (7) showed that 8 days of unilateral arm inactivity, via an arm sling, resulted in a significantly reduced postischemic blood flow suggestive of remodeling of the downstream resistance vasculature. In addition, 7 days of leg casting in healthy men resulted in decreased femoral artery distensibility (47) . Findings from studies using bed rest also demonstrate structural impairments in the vasculature (10, 14) . Another approach used to understand the impact of chronic inactivity was reported by Green et al. (18), in which arms of habitual tennis players were compared. Reactive hyperemia to limb ischemia was decreased in the nondominant arm compared with the dominant arm; however, no differences in blood flow were shown with any of the vasoactive drugs, suggesting that physical inactivity impairs peak vasodilator capacity without altering basal or stimulated nitric oxide release (18) . Collectively, these human studies demonstrate the vulnerability of the vasculature to physical inactivity, lending insight into the contribution of a sedentary lifestyle to the vascular disease process. Our finding that the detrimental effects of reduced daily physical activity on endothelial function were manifested in the popliteal but not the brachial artery is reinforced by recent rodent data by our group (38) . Using a somewhat similar design to that employed in the present study, Padilla et al. (38) showed in rats that cessation of voluntary wheel running for 7 days produced increased expression of proatherogenic genes in the iliac but not the renal artery. Taken together, these findings suggest that a reduction in physical activity primarily affects the arteries perfusing the limbs exposed to the greatest reduction in activity. In this regard, a possible explanation for our observation of decreased popliteal but not brachial artery FMD relates to the fact that popliteal arteries, upon reduction of daily physical activity, may be subjected to a greater reduction in exercise hyperemia and thus shear stress, relative to the brachial arteries. Indeed, there is a growing body of evidence derived from both in vitro and in vivo studies indicating that removal of shear stress produces a detrimental signal to the endothelium (24, 29, 37) . Interestingly, although brachial artery FMD was unaltered with 5 days of reduced activity, it is important to note that we did observe a decrease in brachial artery diameter suggestive of inward vascular remodeling (10, 14, 50) that was not found in the popliteal artery. Thus another plausible explanation for the preservation of brachial artery FMD may be due to the mathematical bias imposed when expressing FMD as percentage change in arterial diameter from baseline (3). Indeed, it is well documented that FMD percentage is negatively correlated to baseline diameter (45, 49) . Of note, bed rest studies have also reported no change or increases in conduit artery FMD when decreases in baseline conduit artery diameter were observed (10, 14) . Alternatively, it is also possible that the decreased diameter of the brachial artery in the present study is associated with a chronic increase in shear stress that in turn leads to a preservation of endothelial function (14, 51) . However, more research is warranted to test this hypothesis.
The CD31 ϩ /CD42b Ϫ and CD62E ϩ EMP populations that we assessed are thought to be markers of endothelial apoptosis and activation, respectively (12) . EMPs have been shown to correlate well with measures of FMD (16, 54) , are associated with a number of cardiovascular disease risk factors (6, 13) , and are elevated in a variety of patient populations (2, 43, 44, 55) . In addition, we recently showed that an acute reduction in shear increases local concentrations of CD31 ϩ
/CD42b
Ϫ and CD62E
ϩ EMPs in the human forearm (25) . On the basis of this finding, we hypothesized that reduction of daily physical activity, and thus removal of the associated bouts of increased vascular shear stress, would result in an increase in EMPs. Consistent with this hypothesis, we found that 5 days of reduced activity induced an approximately fivefold increase in plasma levels of CD31 ϩ /CD42b Ϫ EMPs. Similarly, using a model of extreme physical inactivity and weightlessness, Navasiolava et al. (36) demonstrated increased concentrations of CD31 ϩ /CD41 Ϫ EMPs following 7 days of dry water immersion. Interestingly, plasma concentrations of soluble CD62E protein were found to be unchanged following dry water immersion. One possible explanation for the lack of increase in CD62E ϩ EMPs in our study or soluble CD62E concentrations in plasma from Navasiolava et al. (31) is that this marker is expressed and released from endothelial cells when they are in an inflamed (i.e., "activated") state. On the other hand, CD31
ϩ / CD42b Ϫ EMPs are thought to be markers of endothelial cell apoptosis; as such, substantial inflammation might not be required for their release (27) . In this regard, Krogh-Madsen et al. (28) demonstrated no increase in circulating inflammatory markers IL-6, IL-15, TNF-␣, adiponectin, and leptin following a 2-wk reduction in physical activity from Ͼ10,000 steps/day to Ͻ1,500. Given that this intervention duration and reduction in physical activity was greater than the one used in the present study, it is unlikely that a substantial rise in inflammatory markers occurred in the present study. However, this requires (11, 33) and provide a potential mechanism for impaired vascular health in diseased states, the design of the present study does not allow us to make those comparisons or assumptions. The purpose of examining EMPs in the present study was to systemically assess endothelial function in addition to examining limbspecific endothelial function via FMD. The finding that increases in plasma CD31 ϩ
Ϫ EMPs were not correlated with reductions in FMD was surprising given that others have reported such relationships (16, 54) . However, a recent study by Babbitt et al. (4) also demonstrated a lack of correlation between EMPs and FMD following a physical activity intervention in which both variables exhibited favorable changes (i.e., reduction in EMPs and increase in FMD). Thus it seems there is disconnect between EMP and FMD measures in response to changes in physical activity levels that requires future studies.
Perspectives
Despite the strong links between physical inactivity and cardiovascular disease risk from epidemiological data (30) , there remains a relative paucity of experimental investigation into the effects of reduced daily physical activity on human vascular physiology. In this regard, our study was designed to emulate physical inactivity in "real-world" situations mimicking the degree of reduced daily physical activity, which most sedentary individuals experience. Specifically, our study volunteers were regularly active individuals meeting current guidelines of Ͼ10,000 steps/day in whom we enforced an acute period of reduced activity. As this reduction in activity brought them to the level previously reported for average sedentary adults in the U.S. (i.e., ϳ5,000 steps/day) (52), we believe our findings have broad implications for understanding the effects of sedentary behavior on human vascular endothelial function and phenotype. Indeed, there was a clear relationship between reductions in popliteal artery FMD and the decrease in daily steps with reduced activity. Furthermore, it should be noted that, compared with alternative models of physical inactivity that have been more commonly used (e.g., bed rest, limb casting, etc.), the model of reducing daily steps by ϳ50% might be regarded as a relatively modest inactivity "stimulus". Thus it seems that the human vasculature is remarkably sensitive to alterations in activity status, as indicated by our observations of impaired popliteal artery FMD, decreased basal brachial artery diameter, and increased levels of EMPs with only 5 days of reduced daily physical activity. However, it should be noted that subjects in this study were only men; thus these findings should not be generalized to women.
In summary, our data indicate that the effects of reduced daily physical activity on conduit artery function are limb specific, reducing endothelial function in the lower limbs and decreasing arterial diameter in the upper limbs. There also seems to be a significant systemic effect of reduced physical activity on the vascular endothelium, as reflected by an approximately fivefold increase in plasma levels of CD31 ϩ / CD42b Ϫ EMPs. Collectively, our results provide evidence for the early and robust deleterious impact of reduced daily activity on vascular function and highlight the vulnerability of the vasculature to a sedentary lifestyle.
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